more recent data showed that Th17 cells, a novel lineage of Th cells, play an important role in the pathogenesis of EAE (9) (10) (11) . Th17 cells produce high levels of IL-17A, which can cause inflammatory cell infiltration, the formation of extensive spinal cord lesions, and clinical dysfunction reflecting CNS damage (10) . In immune reactions, Th1-and Th17-mediated responses are negatively regulated at multiple levels by suppressive cytokines (12, 13) and counteracting T cells (e.g., Th2 cells and regulatory T cells [Tregs] ). After the initial paralysis, EAE-affected animals tend to exhibit varying periods of spontaneous recovery, suggesting the existence of endogenous mechanisms of immune suppression that prevent prolonged and extensive tissue damage.
An increasing body of data shows that IDO and IDO-catalyzed tryptophan metabolism play critical roles in the induction of immune tolerance and immune suppression (14) . Tryptophan is an amino acid that is essential for cell growth and functioning. The primary metabolism route of tryptophan in vivo is the kynurenine pathway, which is essentially controlled by two rate-limiting enzymes: IDO and its isoenzyme tryptophan 2,3-dioxygenase (TDO) (15) . Experimental data in the last decade showed that IDO, but not TDO, has important immunosuppressive properties involved in immune tolerance and Th1/Th2 regulation. Two major mechanisms are thought to underlie IDO-mediated regulation of immune responses: IDOmediated tryptophan depletion that directly impacts survival and function of immune cells by inducing cell stress and activating the general control nonrepressed 2 (GCN2) kinase pathway (16) ; and cytotoxic and immune regulatory effects of catabolites derived from the kynurenine metabolism pathway. Accumulating evidence shows that catabolites from the kynurenine metabolism pathway are important biological mediators in regulating Th1 and Th2 cell function, although Th2 cells are less sensitive to tryptophan metabolites (17) .
In a tumor model and CpG (a TLR9 ligand) treatment model, IDO expression was shown to block conversion of Tregs to Th17 cells by activating the GCN2 kinase pathway and suppressing IL-6 production in plasmacytoid dendritic cells (pDCs) (18, 19) . Moreover, small-molecule halofuginone or selective amino acid depletion-induced amino acid starvation response can directly activate GCN2 kinase and inhibit Th17 cell differentiation, as well as protect mice from Th17-associated EAE (20) . It remains unclear whether IDO and tryptophan metabolites also regulate the Th17 cell response by mechanisms other than GCN2 kinase activation.
IDO-tryptophan metabolism and Tregs positively regulate one another (21) . Tregs can induce IDO expression in dendritic cells (DCs) through interaction between CTLA4 on Tregs and CD80/ CD86 on DCs (22) , or through Treg-secreted cytokines (e.g., IFN-g) (23) . IDO expression and the production of tryptophan metabolites from the kynurenine metabolism pathway can serve as mediators to suppress immune cell responses by direct effects on T cells or by indirect effects through altered APC function (14) . In contrast, IDO expression in DCs may induce differentiation of new Tregs from naive T cells (24) . Although the detailed mechanism underlying this process has not been fully elucidated, several experiments showed that coculturing IDO + DCs or IDOexpressing acute myeloid leukemia cells with naive T cells, as well as the addition of kynurenine in low tryptophan medium, can convert naive T cells into CD25 + FoxP3 + T cells (25, 26) , suggesting that IDO expression can upregulate Treg function and that FIGURE 1. T cell responses and EAE in IDO-deficient mice. A, IDO-1 knockout and WT C57BL/6 mice were immunized on day 0 with 150 mg MOG peptide in CFA. Mice were injected with 200 ng/mouse of PTX on days 0 and 2, respectively. EAE development in mice was assessed by a 0-5 scoring system (mean 6 SE). Statistical significance between groups (n = 5) was determined by two-way ANOVA. B, Spleen cells were harvested from mice at the termination of the experiment and stimulated for 4 h in vitro with PMA/ionomycin in the presence of Golgi blocker. Cells were stained with anti-CD4-FITC first, followed by intracellular staining with anti-IFN-g-allophycocyanin and anti-IL-17-PE. Data were analyzed with FlowJo software. Results are shown as dot plot for IFN-g versus IL-17 in CD-4 + gates. C, Spleen cells from tested mice were stimulated in vitro with MOG Ag for 3 d. Lymphocyte proliferation and cytokine production of cells were measured by [ 3 H]thymidine deoxyribose incorporation (mean 6 SD of triplicate) and cytokine ELISA (mean 6 SD of duplicate), respectively. ppp , 0.01. D, Spleen and spinal cord cells of tested mice were stained with anti-CD4-FITC and anti-CD25-allophycocyanin, followed by intracellular staining with anti-FoxP3-PE. Pioneer studies performed with the EAE model showed that IDO and certain products of tryptophan metabolism may play a protective role against immune cell-mediated inflammation of the CNS. IDO is expressed in the CNS, and enhancement of its expression correlates with remission of EAE (27, 28) . Inhibition of IDO by 1-methyltryptophan (1-MT) exacerbates EAE (27) . In the CNS, microglia and macrophages, but not astrocytes, were reported to express IDO upon activation by IFN-g with synergistic effects of TNF-a (27) . These data suggest that IDO expression in the CNS plays a role in initiating a negative-feedback loop to self-limit autoimmune inflammation during EAE. Moreover, Platten et al. (29) showed that treatment of adoptively transferred EAE mice with tryptophan metabolites caused a shift in cellular immune responses from Th1 to Th2, and it markedly reduced the severity of autoimmune inflammation in the CNS. To our knowledge, EAE has not been studied in IDOdeficient mice.
In this study, we explored the role of IDO and tryptophan metabolism in encephalitogenic T cell responses in IDO-deficient mice. We found that IDO deficiency promoted encephalitogenic T cell responses, downregulated Treg responses, and enhanced EAE severity. In contrast, 3-hydroxyanthranillic acid (3-HAA) priming in vitro promoted Treg function, and administration of 3-HAA in mice reduced the severity of EAE. We provide evidence that IDO induces Tregs through at least one downstream metabolite from the kynurenine metabolism pathway, 3-HAA. Our data suggest that the IDO-tryptophan metabolite-Treg axis plays a critical role in the suppression of T cell-mediated, especially Th17-mediated, encephalitogenic immune responses.
Materials and Methods
Mice C57BL/6 mice and IDO1-deficient mice (IDO 2/2 mice) on C57BL/6 background were purchased from The Jackson Laboratory (Bar Harbor, ME). IDO 2/2 mice were bred and housed in the Thomas Jefferson University Animal Facility. Female mice, 8-10 wk old, were used in all studies. All experimental procedures were performed in accordance with guidelines of the Institutional Animal Care and Use Committee of Thomas Jefferson University.
Reagents and Abs
3-HAA was purchased from Sigma-Aldrich (St. Louis, MO). Anti-CD3 (145-2C11) and anti-CD28 (37.51) Abs for T cell stimulation were purchased from BD Biosciences (San Jose, CA). The following Abs for immunostaining were from BD Biosciences: anti-CD4 (RM4-5), anti-CD25 (PC61), anti-IFN-g (XMG1.2), and anti-IL-17 (TC-18H10). Neutralizing Abs against IL-4 and TGF-b and all recombinant cytokines used for T cell polarization were from R&D Systems (Minneapolis, MN). Anti-FoxP3-PE and anti-TGF-b-PerCP/Cy5.5 Abs for flow cytometry were purchased from eBioscience (San Diego, CA) and BioLegend (San Diego, CA) respectively.
Induction and treatment of EAE
Mice were immunized s.c. on the back with 150 mg myelin oligodendrocyte glycoprotein (MOG) (MEVGWYRSPFSRVVHLYRNGK) emulsified in CFA (Difco Laboratories, Detroit, MI) containing 4 mg/ml Mycobacterium tuberculosis H37Ra (Difco Laboratories). Two hundred nanograms of pertussis toxin (PTX) (List Biological Laboratories, Campbell, CA) was given i.p. on days 0 and 2 postimmunization (p.i). Mice were scored daily for the appearance of clinical signs of EAE on a scale from 0 to 5, as described previously (30) : 0, no clinical signs; 1, full limp tail; 2, paralysis of one hind limb; 3, paralysis of both hind limbs; 4, paralysis of trunk; and 5, death. To test the therapeutic effects of 3-HAA in EAE, mice were treated daily with 200 mg/kg 3-HAA in 500 ml PBS by i.p. injection. The untreated control group was given the same amount of PBS. FIGURE 2. 3-HAA treatment ameliorates the clinical severity of EAE. C57BL/6 mice were immunized by an EAE-inducing protocol with 150 mg MOG peptide. Tested mice were injected i.p. with 200 mg/kg of 3-HAA in PBS daily, beginning on day 1 p.i. This route and dose were selected based on the study by Platten et al. (29) . Control mice were given the same amount of PBS. One representative of three independent experiments is shown. A, Clinical scores were recorded daily. Results are shown as mean 6 SE (n = 5). B, Spleen cells were harvested at the termination of the experiment and were stimulated by MOG peptide in vitro. Cell proliferation was assessed by [
Cell preparation and in vitro priming
Preparation and in vitro priming of spleen cells were performed as described previously (31) . Briefly, spleen lymphocytes were isolated from singlecell suspension by centrifugation with Ficoll-PaquePLUS (Amersham Biosciences, Piscataway, NJ). The lymphocyte layer was harvested and washed with cold PBS before in vitro stimulation. For in vitro priming, spleen cells were adjusted into 1 3 10 6 /ml in RPMI 1640 complete medium and stimulated in 24-well plates precoated with 5 mg/ml anti-CD3 and 2 mg/ml anti-CD28 Abs in the presence of 200 mM 3-HAA or vehicle control, supplemented, as needed, with mouse rIL-12 (10 ng/ml) and anti-IL-4 Ab (15 mg/ml) for the Th1-polarizing condition or with TGF-b (2 ng/ ml) and mouse rIL-6 (10 ng/ml) for the Th17-polarizing condition.
To isolate CNS cells, spinal cords were mechanically dissociated through a 100-mM cell strainer and washed with PBS. Washed cells were fractionated on a 60/30% Percoll gradient by centrifugation at 300 3 g for 20 min. Infiltrating mononuclear cells were collected from the interface and washed with PBS for use.
Proliferation assay
T cell proliferation was assayed by [ 
Intracellular staining and flow cytometry
Cells isolated from spleens or spinal cords were briefly stimulated with PMA (50 ng/ml), ionomycin (500 ng/ml; Sigma-Aldrich), and GolgiStop (1 mg/10 6 cells; BD Pharmingen, San Diego, CA) for 4 h at a density of 1 3 10 6 /ml in RPMI 1640 complete medium. Cells were harvested, washed in staining buffer (PBS) containing 1% FCS and 0.02% NaN 3 , and, in some cases, blocked with anti-CD16/CD32 Abs. After washing, cells were stained with fluorescent Abs to surface markers, followed by intracellular staining according to the manufacturer's instruction. For intracellular staining, cells were fixed and permeabilized using Fix/Perm cell permeabilization reagents (BD Biosciences), followed by incubation with fluorescently labeled Abs against intracellular cytokine or FoxP3. After the last wash, cells were acquired by using FACSCalibur or FACSAria (BD Biosciences). Data were analyzed using FlowJo Software (Tree Star, Ashland, OR).
Cytokine measurement
For cytokine detection, supernatants were collected from culture after 48 h of stimulation. Levels of IL-4, IL-6, IL-10, IFN-g, and IL-17 in supernatants were determined, as specified, by ELISA with Duoset cytokine assay reagents (R&D Systems) or by cytokine bead assay (BD Biosciences), per the manufacturer's instructions.
DC-T cell coculture
To prepare bone marrow stem cell-derived DCs, bone marrow cells were obtained from femurs and tibias of C57BL/6 mice by flushing with cold PBS. Cells were washed in PBS and then cultured for 6 d in RPMI 1640 complete medium containing 10% FCS, supplemented by 200 U/ml GM-CSF (R&D Systems). Mature DCs were harvested from the culture flask by vigorous shaking. Purity of DCs was confirmed by flow cytometry using anti-CD11c Ab. For DC-T cell coculture, naive CD4 + T cells were isolated from spleen cells of C57BL/6 mice by cell separation with magnetic anti-mouse CD4 beads, according to the manufacturer's protocol (Miltenyi Biotec, Auburn, CA). Purified CD4 + T cells (8 3 10 5 /ml) were cultured with DCs (2 3 10 5 /ml) in anti-CD3/anti-CD28-coated plates containing RPMI 1640 complete medium.
Statistical analysis
For clinical scores of EAE, significance between two groups was examined using the two-way ANOVA test. Data are presented as mean 6 SE. For cytokine assays, statistical difference between two groups was determined using the unpaired, two-tailed Student t test. Results are presented as mean 6 SD. In all cases, p , 0.05 was considered statistically significant. 
Results

IDO deficiency enhances susceptibility to EAE
It was documented that blockade of IDO activity by IDO inhibitor 1-MT enhanced the severity of EAE and several other Th1 cellmediated immune diseases (33) . However, the role of IDO in Th17 cell-mediated encephalitogenic responses is not fully understood. Given that 1-MT may also impact immune cells by interacting with TLR (34), we set out to test the role of IDO in the suppression of EAE using IDO-deficient mice. We induced active EAE in IDO-deficient and wild-type (WT) syngeneic mice (control) with MOG peptide/CFA/PTX and compared EAE development and related T cell responses. The results showed that IDO-deficient mice developed more severe EAE (Fig. 1A) . To determine whether IDO deficiency impacts Th1 and Th17 responses in EAE mice, we harvested spleen cells from mice at the termination of experiments and analyzed IFN-g and IL-17 expression in T cells by intracellular cytokine staining. We found that levels of Th1 and Th17 cells in spleens of IDO-deficient mice were increased in comparison with those of WT mice (Fig. 1B) . The enhanced Th1 and Th17 cell response in IDO-deficient mice was also confirmed by increased MOG-induced cytokine production in restimulated spleen cells in vitro. Spleen cells from IDO-deficient mice produced less IL-4 and markedly more IFN-g and IL-17 (Fig. 1C) . Interestingly, enhanced Th1 and Th17 cell levels in IDO-deficient mice correlated with decreased levels of CD4 + FoxP3 + T cells, suggesting that the Treg response was reduced in IDO-deficient mice (Fig. 1D, 1E ).
3-HAA treatment inhibits encephalitogenic T cell responses and ameliorates EAE
IDO regulates immune responses mainly through two mechanisms: tryptophan depletion-induced cell stress that activates GCN2 kinase activation and the biological effects of tryptophan metabolites (14, 16, 20, 35) . Some tryptophan metabolites, including 3-HAA, play roles in the suppression of activated Th1 cells. Platten et al. (29) reported that i.p. injection of 3-HAA or oral administration of N-(3,4-dimethoxycinnamoy) anthranilic acid (3,4-DAA), a synthetic derivative of the tryptophan metabolite anthranilic acid, inhibited Th1-type cytokine responses and reversed paralysis in the adoptively transferred EAE model. However, the effect of 3-HAA on Th17 cells is still unclear. Given that Th1 cell-and Th17 cellmediated responses are crucial in the pathogenesis of EAE (36), we analyzed the role of 3-HAA in the regulation of T cell responses and EAE pathogenesis in the MOG-induced EAE model. We induced EAE in C57BL/6 mice with MOG peptide and treated the mice with 3-HAA by i.p. injection starting from day 1 p.i. The results showed that 3-HAA treatment not only delayed clinical onset of EAE but also reduced disease severity ( Fig. 2A) . In addition, spleen cells from 3-HAA-treated mice displayed a lower proliferation, reduced Th1 cytokine production, and increased levels of IL-4 and IL-10 in comparison with those from PBS-treated control mice (Fig. 2B, 2C ). However, there was no detectable difference in IL-17 production between the two groups when spleen cells were restimulated for 3 d without continuous 3-HAA treatment in culture (Fig. 2C) . Interestingly, levels of IFN-g-and IL-17-expressing cells in spinal cords and spleen cells freshly harvested from 3-HAA-treated mice were decreased in comparison with those from control mice (Fig. 3A-C) . In addition, there were fewer CD4 + T cells in spinal cords of 3-HAA-treated mice, suggesting that 3-HAA treatment reduced the numbers of effector Th1 and Th17 cells infiltrating into the CNS.
It is thought that one mechanism of IDO-mediated suppression of the immune response is through upregulation of Tregs (21, 24).
To determine whether Treg levels in 3-HAA-treated mice were increased, we analyzed the expression of FoxP3, a marker for Tregs, in spleen cells from 3-HAA-and vehicle-treated mice, respectively. Indeed, CD4 + T cells from spleens of 3-HAA-treated mice expressed more FoxP3 (Fig. 3D, 3E ), indicating that Tregs were upregulated in 3-HAA-treated mice and that enhancement of Tregs was associated with decreased encephalitogenic T cell responses and reduced severity of EAE.
To determine whether 3-HAA functions in the early afferent phase of encephalitogenic immune responses or in the efferent phase of EAE, we treated mice with 3-HAA starting on the day of clinical onset or after they developed severe EAE. Our data showed that 3-HAA treatment of mice starting at the clinical onset of EAE (day 12 p.i.) still decreased the severity of disease (Fig. 4A) . When 3-HAA treatment started on day 16 p.i., there was a trend toward decreased disease (Fig. 4B) . However, there was no therapeutic effect when 3-HAA treatment was begun at the peak of EAE (day 20 p.i.) (Fig. 4C) .
3-HAA inhibits differentiation of Th1 but not Th17 in vitro
We observed that spleen cells from 3-HAA-treated mice produced less IFN-g in comparison with those from control mice, but IL-17 levels were similar between the two groups. This led us to postulate that 3-HAA may act on Th1 cells and Th17 cells differently. To elucidate the role of 3-HAA in Th1 and Th17 cell differentiation, we stimulated CD4 + naive T cells with anti-CD3 and anti-CD28 Abs in vitro, with or without a Th17-or Th1-polarizing condition, in the presence or absence of 3-HAA. We found that 3-HAA markedly inhibited Th1 cell differentiation under the Th1-polarizing condition and without the polarizing condition (Fig. 5A) . However, no 3-HAA-induced inhibition of Th17 cell differentiation was observed, suggesting that 3-HAA selectively inhibits Th1 cell, but not Th17 cell, differentiation. To exclude a role for APCs in 3-HAAmediated Th1 cell suppression, we isolated CD4 + T cells from spleens to eliminate APCs and stimulated purified CD4 + T cells with anti-CD3/anti-CD28 in the presence of 3-HAA or vehicle control. The results showed that 3-HAA still suppressed Th1 cell differentiation in the absence of APCs (Fig. 5B) . Thus, 3-HAA has a direct effect on the suppression of Th1 cell differentiation, but the reduction in Th17 cell responses observed in cells from spleen and spinal cords of 3-HAA-treated mice (Fig. 3A, 3B ) is likely due to indirect inhibition.
3-HAA treatment promotes anti-CD3/anti-CD28-induced Treg development
IDO and Tregs regulate each other positively (14, 22) . Tregs induce IDO expression by well-identified mechanisms [e.g., CTLA4-CD80/CD86 interaction (23)], but how IDO expression results in the generation of Tregs has not been fully elucidated. Given that enhanced T cell-mediated pathogenesis in IDO-deficient mice is correlated with decreased Treg response and that levels of Tregs were increased in 3-HAA-treated mice, we postulate that IDO may induce Tregs, at least in part, through certain tryptophan metabolites (e.g., 3-HAA). To test our hypothesis, we stimulated naive spleen cells with anti-CD3 and anti-CD28 Abs in vitro, with or without the Th17-or Th1-polarizing condition, in the presence or absence of 3-HAA. Treg development was assessed by analyzing FoxP3 expression in CD4 + CD25
+ cells with flow cytometry. We found that 3-HAA markedly promoted Treg development under the condition tested (Fig. 6A) . To determine the role of APCs in Treg induction by 3-HAA, we stimulated purified naive CD4 + T cells with anti-CD3/ anti-CD28 and treated the cells with 3-HAA or vehicle control. The results showed that 3-HAA treatment had only a minor effect on the induction of Tregs in the absence of APCs (Fig. 6B) . To determine whether 3-HAA-primed cells have inhibitory function for T cells, we cocultured 3-HAA-primed cells with MOG-TcR transgenic CD4 + T cells in the presence of MOG Ag. The results showed that 3-HAA-primed cells markedly suppressed MOG-stimulated proliferation of MOG-TcR transgenic T cells (Fig. 6C) . 
3-HAA-mediated Treg development is correlated with enhanced TGF-b expression and reduced levels of IL-6
To dissect the mechanism underlying 3-HAA-mediated upregulation of Tregs, we treated anti-CD3/anti-CD28-stimulated spleen cells with 3-HAA and analyzed production of TGF-b and IL-6, which are critical in controlling the differentiation of activated CD4 + T cells into the Treg or Th17 lineage (13) . We found that 3-HAA treatment increased the expression of TGF-b in CD11c + DCs (Fig. 7A) , which correlated with a decreased level of IL-6 in culture supernatants of anti-CD3/anti-CD28-activated spleen cells (Fig. 7B) . However, the addition of IL-6 (20 ng/ml) in anti-CD3 and anti-CD28-activated spleen cells without 3-HAA treatment did not affect Treg development or promote Th17 differentiation (data not shown), implying a lack of TGF-b in the culture of activated spleen cells stimulated by anti-CD3/anti-CD28 alone. To confirm the role of TGF-b in 3-HAA-induced Treg differentiation, we added neutralizing anti-TGF-b Ab in culture during 3-HAA priming. The results showed that addition of anti-TGF-b in culture significantly reduced the level of CD4 + FoxP3 + T cells (Fig. 7C, 7D ). These data suggest that 3-HAA-induced TGF-b expression from DCs plays a pivotal role in the induction of Tregs.
To further confirm the essential role of DCs in expressing TGF-b for the induction of Tregs, we prepared bone marrow-derived DCs from C57BL/6 mice ( Fig. 8A ) and treated DCs with 3-HAA. The results showed that 3-HAA treatment promoted TGF-b expression in DCs in comparison with vehicle-treated DCs (Fig. 8B) . We next treated DCs with 3-HAA or vehicle first and then cocultured the treated DCs with anti-CD4 bead-purified naive CD4 + T cells in the presence of anti-CD3/anti-CD28 stimulation. Treg development and TGF-b expression of DCs in coculture were determined by flow-cytometric analysis. We found that 3-HAA-treated DCs enhanced the expression of FoxP3 in T cells compared with vehicletreated DCs (Fig. 8C) , which correlated with an increased expression of TGF-b by DCs (Fig. 8D) . These data, together with the results from an anti-TGF-b-neutralizing experiment (Fig. 7C,  7D ), indicate that DC-expressed TGF-b is essential in 3-HAAmediated induction of Tregs.
Discussion
Previous studies showed that inhibition of IDO activity by systemic administration of IDO inhibitor 1-MT exacerbated clinical scores of EAE (27) . Moreover, treatment of EAE mice with tryptophan metabolites or a synthetic derivative of tryptophan metabolite anthranilic acid reduced Th1 cytokine production from encephalitogenic T cells and ameliorated disease severity, suggesting that IDO and tryptophan metabolites play a suppressive role in Th1 cell-mediated immune responses in EAE (29) . In comparison with Th1 cells, selective amino acid depletion-induced activation of cytoprotective signaling pathway (GCN2) in T cells was shown to inhibit Th17 cell differentiation (20) . In addition, IDO-induced activation of GCN2 kinase in pDCs reduces IL-6 production from pDCs and subsequently inhibits Th17 cell differentiation (18, 19) . Our studies provide additional evidence for a suppressive role of IDO and tryptophan metabolite 3-HAA in Th1 and Th17 cells in EAE. IDO activity and bystander catabolites from the kynurenine metabolism pathway can impact encephalitogenic T cell responses through direct and indirect mechanisms: by direct suppression of effector T cells through tryptophan depletion-induced GCN2 kinase activation and direct suppressive effects of tryptophan metabolites on effector T cells through their cytotoxic effects or by indirect inhibition of T cells through upregulation of Treg activity by tryptophan metabolites, such as 3-HAA. Both mechanisms may contribute to IDO-mediated inhibition of EAE. However, based on data from our studies, it seems that encephalitogenic Th17 cells are less sensitive to direct suppression by tryptophan metabolites than are Th1 cells. Therefore, the suppressive effect of 3-HAA on Th17 cellmediated pathogenesis in EAE is largely a result of 3-HAA-induced generation of Tregs.
Treatment with 3-HAA was shown to reduce Th1 responses in EAE (29) and to decrease Th2 cytokine levels in an asthmatic model (37) . Inhibition of encephalitogenic Th1 cells by 3-HAA in our studies is consistent with observations by Platten et al. (29) , whereby i.p. injection of 3-HAA or oral administration of 3,4-DAA reduced Th1 cytokine production and relatively enhanced levels of Th2 cytokines. It is not clear whether downregulation of Th1 responses by oral administration of 3,4-DAA shares the same therapeutic mechanism with that of 3-HAA i.p. injection, because we did not compare 3-HAA with 3,4-DAA in our studies. Our data show that, in addition to its suppressive effects on Th1 cells, administration of 3-HAA suppressed Th17 responses by the induction of Tregs. Thus, 3-HAA treatment ameliorates EAE through multiple mechanisms, including inhibition of encephalitogenic Th1 and Th17 responses and upregulation of protective Th2 cell responses. 3-HAA was more effective when treatment was started at the time of Ag expose or at early clinical onset of EAE, suggesting that 3-HAA inhibited autoantigen-induced T cell activation during the afferent phase of EAE. In contrast, 3-HAA was not effective at inhibiting EAE when its administration began at disease peak. This might have been because existing activated T cells had already migrated into the CNS and caused neural damage. Therefore, early treatment with 3-HAA may improve the clinical outcome of EAE.
It has been well documented that IDO expression and metabolites from the kynurenine metabolism pathway positively regulate the development and function of Tregs (18, 19, 26) . Although the mechanism underlying IDO-mediated induction of Tregs has not been fully investigated, tryptophan metabolites are considered to play an important role in Treg induction by DCs expressing IDO (24, 38) . It was shown that addition of kynurenines to culture is capable of inducing Tregs (26, 39, 40) . However, low-tryptophan medium is not effective at inducing Tregs (26) , suggesting that tryptophan metabolites (e.g., kynurenines), but not tryptophan depletion in T cells, lead to the induction of Tregs. Our data provide additional evidence that IDO can induce Tregs through 3-HAA. Thus, 3-HAA-induced generation of Tregs likely contributes to the inhibition of encephalitogenic Th1 and Th17 cells during EAE. The role of 3-HAA-induced Tregs is more critical in the inhibition of encephalitogenic Th17 cells because this tryptophan metabolite does not seem to have a direct suppressive effect on Th17 cells.
T cell differentiation is largely controlled by cytokine-mediated polarizing signals (13) . TGF-b and IL-6 are two key cytokines that drive CD4 + T cells to differentiate into Tregs or Th17 cells. Successful differentiation of Tregs requires TGF-b, whereas Th17 cell differentiation requires TGF-b and IL-6 (41, 42) . It was shown that pDC-expressed IL-6 plays a critical role in driving Th17 cell differentiation. When IL-6 production is blocked, T cell differentiation is reprogrammed into the Treg lineage (18, 19) . Our study showed that IL-6 production was enhanced in anti-CD3/ anti-CD28-stimulated spleen cells, but no robust Th17 or Treg differentiation was observed, suggesting that anti-CD3/anti-CD28 stimulation alone did not induce enough TGF-b for Treg or Th17 differentiation. This is different from the observation in the tumor model (19) , in which tumor cells might provide a source of TGF-b required for Treg or Th17 cell differentiation. In contrast, 3-HAA treatment induced TGF-b expression from DCs and reduced IL-6 production from anti-CD3/anti-CD28-activated cells, which established a favorable microenvironment for Treg, but not Th17 cell, differentiation, indicating that 3-HAA-mediated induction of Tregs and inhibition of IL-6 contribute to the reduced encephalitogenic Th17 response that we observed in 3-HAA-treated mice. In contrast, 3-HAA cannot inhibit Th17 differentiation when IL-6 and TGF-b are added in culture given that exogenous IL-6 may compensate for the 3-HAA-mediated reduction in IL-6. Our results suggest that 3-HAA-induced TGF-b from DCs is the major contributor for Treg differentiation.
In summary, our data show that IDO deficiency enhanced encephalitogenic T cell responses, exacerbated EAE, and downregulated Treg function. In contrast, in addition to its direct inhibitory effect on Th1 cells and upregulation of protective Th2 cytokines, tryptophan metabolite 3-HAA inhibited effector T cells (Th1 and Th17) and ameliorated EAE by promoting Treg responses through upregulation of TGF-b production by DCs. These results suggest that tryptophan metabolite-induced Treg responses constitute an important negative regulatory mechanism in IDO-mediated immune suppression and immune tolerance. Our studies raise the possibility of using tryptophan metabolites to induce Tregs as a therapeutic strategy for immune suppression.
